In this study, experimental optimization of cutting forces, surface roughness and the hardness of material after turning of AISI 316L stainless steel, using conventional and wiper insert cutting tools under dry, CO2 and MQL cutting conditions, is presented. The influences of feed rate, cutting depth, and cooling system on surface roughness, cutting force and material hardness were examined. In order to optimize the turning process, Grey relational analysis optimization method was used. The optimal machinability parameters of AISI 316L stainless steel with coated carbide insert were successfully determined.
Introduction
The steel materials used in the manufacturing industry are becoming more advanced day by day. Stainless steel, is commonly used in a wide range of applications in the manufacturing sector, due to its high mechanical properties, corrosion resistance and low thermal conductivity [1] . Although it is more expensive, compared to other forms of steel, stainless steel is becoming increasingly popular for use in many fields, ranging from food to health, chemistry to electronics, from defense industry to nuclear power plants and automotive to aerospace, due to its superior mechanical properties and unique corrosion resistance [2] [3] [4] . Stainless steel is a type of steel which contains 11-18% of chromium in its composition [5] .
Austenitic and ferritic stainless steel is used particularly in machinery and manufacturing industry. These forms of steel fall under the "difficult to machine" materials class with their low thermal conductivity properties. Low thermal conductivity, leads to high shear force, high cutting temperatures, rapid tool wear, produces difficult to break chips, causes chips to bond to the cutting edge and leads to poor surface quality [6] . In addition the energy used for plastic deformation of the workpiece during machine turning is converted to heat and it is well known that heat mostly occurs in the primary deformation zone. However, heat generated during deformation is closely associated with friction and shear force in the tool-chip interface, which vary according to tool geometry and cutting parameters. Tool-chip contact length and therefore tool geometry directly affect tool life and machining efficiency [7] .
In recent years, it is possible to come across many experimental studies investigating the effects of cutting * corresponding author; e-mail: gbasmaci@mehmetakif.edu.tr parameters on shear force and surface roughness, occurring during machining of various forms of stainless steel. In one of these studies, the machinability of AISI 304 and AISI 316 stainless steel with coated cemented carbide cutting tools was investigated and cutting speed was reported as an important parameter for surface roughness Ra [8] . In another study, the F c generated during the turning of AISI 304 austenitic stainless steel with TICcoated cutting tool, was theoretically and experimentally evaluated and it was indicated that the theoretical approach could be used with 80% average accuracy [9] . Ra is reported to decrease parallel to the decrease in cutting sound pressure level during the turning of AISI 304 stainless steel at low feed rate and high cutting speeds [10, 11] . In another study, the verification tests conducted according to the optimum cutting parameters for surface roughness and cutting force during turning of austenitic stainless steel, resulted in a 23.4% improvement [12] . A variance analysis on the Ra resulting from the machining of AISI 304 stainless steel, revealed that feed rate had a 51.84% effect on Ra [13] .
Time, volume and efficiency of production are not the only factors that should be taken into consideration in the assessment of success of a production method. Other important considerations must include the effect on the environment and human health. Machine turning applications, which use cooling techniques that respect human health and the environment, have been developed. The performance characteristics of the alternative cooling technique were found to be superior to the conventional cooling techniques [1, [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] . The MQL technique which delivers reduced tool wear and improved surface quality thanks to a reduction in the heat generated in the tool-chip and workpiece-chip cutting zone are important results [23] . Liquid nitrogen, and carbon dioxide are also used as alternative cooling systems for the cooling of the cutting zone. A 55% reduction in edge wear was reported following the use of liquid nitrogen cooling [24] .
In this study; the effect of feed rate, depth of cut and cooling system on surface roughness and cutting force during machine turning of AISI 316L stainless steel is investigated. Taguchi Grey analysis technique was used in the optimization of the turning process. Furthermore, variance analysis was conducted to determine the effect of each parameter on the results. As a result of this analysis, the effect of feed rate, depth of cut and cooling system on surface roughness and cutting force during machine turning of AISI 316L stainless steel was determined.
Materials and methods
AISI 316L was used for the purposes of this study. The experiment samples were rod-shaped, 130 mm in length and 25 mm in diameter. During the machining process, CNMG 12 04 08 mm cutting tips, produced by Sandvik company were used. The Johnford TC 35 CNC Fanuc OT, an x-z axis CNC machine was used during the experiment. A perhometer M1 type surface roughness meter, manufactured by Mahr was used in the experiment. Surface roughness can be determined with various parameters according to DIN, ISO, JIN, AISI standards. A KISTLER 9121 dynamometer with KISTLER 5019b type load amplifier and the DynoWare analysis software was used for power measurement during the experiments (Fig. 1) . Three levels were set between 0.1 to 0.3 mm/rev for the feed rate parameter, and 0.5 and 1.5 mm for depth of cut. Dry, MQL (minimum quantity lubrication) and CO 2 options were examined for the cooling system factor. Table I shows key factors and designated levels, affecting cutting force and surface roughness.
Taguchi design
Taguchi parametric design is a very effective design tool, offering simple and systematic qualitative optimal design at a relatively low cost. It has become very popular in the last two decades. By helping to determine the significant factors, this approach not only saves the experimental time but also the costs. Selection of an orthogonal array is one of the most important steps involved in Taguchi technique. An orthogonal array is a small set of all the possibilities, which helps to determine the least number of experiments. It will further help to conduct experiments to determine the optimum level for each process parameter and to establish the relative importance of individual process parameters [25] . For the experiments performed according to Taguchi L 9 orthogonal array, levels of the set of parameters are given in Table II . 
Taguchi-based Grey relational analysis method
The obtained experimental results and the determined parameters were optimized with Grey-based Taguchi method. Using regression model, researches were carried out calculating an equation between dependent parameters and independent parameters. The Taguchi method uses a special design of orthogonal arrays to study the entire parameter space with a small number of experiments only.
Experimental design was done using Taguchi method. Hence, it has been possible to reach more comprehensive results with doing less experiment. In this sense, time and money have been used more efficiently [26, 27] . While a single outcome is optimized in the Taguchi method, multiple outcomes can be optimized in a Grey relational analysis [28] . In this study, Taguchi method was used in the experimental design step, Grey relational analysis method was used in the optimization step.
Grey relational analysis optimization process was carried out in the following three steps [28] .
Normalization of experimental results (the lowestthe best).
2. Calculation the Grey relational coefficient.
3. Calculation of the Grey relational degree.
4. Determination of optimal experiment parameters.
In the normalization step, the experimental results were normalized using the following equation according to "the lowest-the best" principle.
where, x i (k) refers to the value at the ith series and kth row after normalization process, min y i (k) refers to the minimum value of the ith series, max y i (k) refers to the maximum value of the ith series and y i (k) refers to the original value of the i series at kth row. In step two, Grey relational coefficient was calculated via Eq. (2)
Here, ζ is a distinguishing coefficient between 0 and 1, ∆0 i is the amount of deviation between the reference series and the normalization values. ∆ min refers to the minimum value of the deviation sequence from the reference series and ∆ max refers to the maximum value of deviation sequence from the reference series. In the step three, Grey relational degree was calculated by Eq. (3)
Results and discussion
Influence of the cutting parameters and the effect of cutting geometry and parameters on surface roughness Ra and cutting force on turning of a AISI 316L stainless steel with Sandvik CNMG 12 04 08 conventional (FF) and wiper (FW) inserts is discussed in this section.
Optimization of experimental results for surface roughness and cutting force
Values of surface roughness and cutting force obtained in the experimental step, for Taguchi L 9 experiment design, are shown in Table II . Grey relational analysis method was applied to the experimental results, as shown in Table III and the other steps (normalization, delta values, and Grey relational grade) results are given in Table IV  and Table V . The Grey relational coefficients were calculated using Eq. 2 and results are shown in Table V . The Grey relational degrees related to each experimental result were calculated and the experimental results were ranked in order from highest Grey relational degree and are presented in Fig. 2 , Table V and VI. As seen from the Table V and VI, A1 (feed rate: 0.1 mm/rev), B1 (depth of cut: 0.5 mm), and C2 (MQL) were selected as the optimal parameter levels. The optimal parameters levels will represent the lowest surface roughness and cutting force value.
Conclusions
This study of the machinability of AISI 316L stainless steel alloy material with SANDVIK CNMG 12 04 08 coated conventional (FF) and wiper (FW) inserts has produced useful results. The considered criteria for the machinability were surface roughness, cutting force and material hardness. Three control factors, which were considered to be effective in creating the most suitable conditions for the criteria (feed rate, depth of cut and corner radius) were chosen at three different levels and applied in the experimental study. Below is the summary of the results:
• Based on the Grey relational analysis, the optimal cutting parameters were A1B1C2 for surface roughness and cutting force, i.e. feed rate of 0.1 mm/rev, depth of cut of 0.5 mm and MQL cooling system.
• Taguchi method is beneficial for the experimental design of the machinability of AISI 316L stainless steel alloy. Having optimized the parameters is also fruitful for keeping the response values at required levels.
• Test results prove the effectiveness of the wiper inserts in providing excellent surface roughness.
The results also suggest that the use of the wiper insert is an effective way, which significantly increases cutting efficiency, without changing the machined surface roughness in high feed turning operations.
